INTRODUCTION {#sec1-1}
============

The most common cause of pulp necrosis in an immature tooth is caries or trauma which arrests further root development. These immature, necrotic, permanent teeth with open apex and thin, fragile walls are difficult to treat endodontically.\[[@ref1]--[@ref5]\] The traditional treatment involves inducing an apical barrier (apexification) with calcium hydroxide or mineral trioxide aggregate (MTA). These procedures do not strengthen the walls. The long-term calcium hydroxide therapy for apexification may further weaken the thin walls and leave the teeth even more prone to fracture. Root wall strengthening with composite limits the possibility of root canal retreatment if need arises in future.\[[@ref3][@ref4]\]

MATERIALS AND METHODS {#sec1-2}
=====================

Structured electronic search of scientific papers published up to August 2011 was carried out on the Entrez Pubmed, and the Cochrane Central Register of Controlled Trials databases using combination of the following specific keywords: Pulp regeneration, pulp revascularization, pulp necrosis, immature permanent tooth, tissue engineering, pulp vitality and regenerated dentin. The electronic search was supplemented by hand-searching through the following journals: Journal of Endodontics, International Endodontic Journal, Dental Traumatology, Pediatric Dentistry, American Journal of Orthodontics and Dentofacial Orthopaedics, and Advanced Dental Research. The inclusion criteria set for this review were: Case reports and case series on regeneration potential of pulp-dentin complex in necrotic, immature, permanent teeth, studies evaluated pulp vitality, studies evaluated any discoloration of teeth, studies evaluated radiographical and/or histological outcomes, and studies done on healthy animal models. Exclusion criteria consisted of studies that did not meet the above inclusion criteria. Studies that did not evaluate regeneration potential of pulp-dentin complex, radiographical and/or histological evaluation of treatment outcome, pulp vitality in necrotic, immature, permanent teeth and review papers were excluded.

The search yielded 1619 papers; out of which 65 were identified as conforming to the predetermined inclusion criteria and the remaining 1554 were excluded. Out of 65 papers, 34 papers were excluded again as different key words led to the same publications. Only 31 papers selected, out of which 27 full-text papers were found and 4 papers were included based on only the abstracts. These 31 papers formed the basis of this review. Of the papers were selected, the data extracted were: Evaluation of increase in the thickness of the root walls and apex closure, evaluation of pulp vitality, evaluation of resolution of radiolucency, evaluation of discoloration of teeth, and evaluation of the histological characteristics of regenerated tissues \[[Table 1](#T1){ref-type="table"}\]. The following data were synthesized: Continued root growth, positive or negative response to pulp vitality testing, resolution of radiolucency, discoloration of teeth following 3-mix antibiotic paste application, and histological characteristics of regenerated tissue as dentin, cementum, or bone. The selected 31 studies have been evaluated in detail in the study characteristics table \[[Table 2](#T2){ref-type="table"}\] \[[Figure 1](#F1){ref-type="fig"}\].
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RESULTS {#sec1-3}
=======

DISCUSSION {#sec1-4}
==========

Among the included papers, the case reports and case series have described the outcomes of treatment in patients who presented with immature permanent teeth with apical pathosis with or without associated sinus tract.\[[@ref1]--[@ref15]\] Some of these cases were associated with a dens evaginatus, where the thin occlusal tubercle often fractures, predisposing the tooth to bacterial infection and pulpal necrosis as often seen in mandibular premolars.\[[@ref3][@ref7][@ref10]\] The outcome of previous case reports and series\[[@ref1]--[@ref14]\] indicated that it is possible to treat the necrotic and immature permanent tooth, leading to clinically symptom-free tooth, and radiographical evidence of resolution of apical periodontitis,\[[@ref1]--[@ref14]\] and continuing increase in the thickness of dentinal walls,\[[@ref1]--[@ref10][@ref16]--[@ref29]\] and apicalclosure\[[@ref1]--[@ref10][@ref16]--[@ref29]\] or further development of root length. Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"} show the various outcome measures evaluated across the various studies. This biological result is remarkable, given the typically poor prognosis of these cases. After analyzing these case reports and series, it is understood that the following endodontic protocols had been followed for the treatment of necrotic immature permanent teeth. The procedure had been done in two to three visits.

In the first visit, disinfection of the root canal system had been carried out. This is considered the vital step for the success of the regeneration procedure. Local anesthesia was administered. Tooth to be treated was isolated with rubber dam. The tooth was disinfected using betadine (10% Povidone Iodine Topical Solution).\[[@ref16]\] Access was gained and drainage of pus was done if present. Working length was determined with radiograph (2-3 mm short of the apex). No instrumentation was done but instead the canal was copiously irrigated with 20 ml of 1.25% to 5.25% NaOCl, saline and 2% chlorhexidine.\[[@ref1]--[@ref11][@ref16]--[@ref19]\] An effort was made to stay within the confines of the root canal. The root canal was dried using sterile paper points. A creamy paste of equal proportions of metronidazole, ciprofloxacin and minocycline (triple antibiotic paste)\[[@ref1]--[@ref11][@ref16]--[@ref19]\] was placed in the root canal using a lentulo spiral in a slow speed handpiece or a reamer. Alternatively a combination of metronidazole, ciprofloxacin and cefaclor was used to overcome the discoloration due to minocycline. Access cavity was sealed with cotton pellets and Intermediate Restorative Material (IRM). Patient was reviewed after 2-3 weeks. Alternatively, some studies have used formocresol, calcium hydroxide instead of antibiotic paste for disinfection of the root canal system.

In the second visit, under local anesthesia without vasoconstrictor (facilitates bleeding) and rubber dam isolation, disinfection with betadine, the tooth was re-entered. The antibiotic paste was removed (and replaced if necessary) using 20 ml of 1.25-/5.25% NaOCl, saline and 2% chlorhexidine and dried to make space for a blood clot. No instrumentation of the canal was performed. The apical tissues beyond the confines of the root canal were stimulated with a sterile endodontic file or reamer or aesthetic needle to induce bleeding into the canal space. Approximately 15 minutes were allowed for the blood clot to reach a level that approximated the cemento-enamel junction (CEJ). White MTA (preferably to avoid discoloration of the crown) or grey MTA was applied over the blood clot. A cotton pellet moistened with sterile water was placed over the MTA and the access was temporarily sealed with IRM. After 24 hours, the access cavity was sealed with GIC and composite. However, some studies have not used MTA. Instead, the access opening was sealed with GIC extending 4 mm into the coronal portion of the root canal and showed similar results.\[[@ref9]\] The procedure had also been done using different matrices like Platelet Rich Plasma (PRP)\[[@ref20]\] instead of inducing blood clot as a matrix. The patient was reviewed every 3 months to monitor for the development of root and closure of the apex till it was accomplished.

The use of the 3 Mix-MP triple antibiotic paste was developed by Hoshino and colleagues.\[[@ref19]\] It consists of ciprofloxin, metronidazole, and minocycline. It is effective for disinfection of the infected necrotic tooth, setting conditions for the subsequent revascularization of the tooth. This triple antibiotic mixture has high efficacy. In a preclinical study on dogs, the intracanal delivery of a 20-mg/mL solution of these three antibiotics via a lentulo spiral resulted in greater than 99% reduction in mean colony-forming unit (CFU) levels.\[[@ref2]\] The only disadvantage with 3-mix is the coronal discoloration caused by minocycline.\[[@ref14]\] Sealing the dentinal tubules of the chamber prevents the undesirable crown discoloration produced by tri-antibiotic medication (minocycline) whilst maintaining the revascularization potential of the pulp.\[[@ref19]\] The novel approach seals the dentinal tubules of the chamber, thus avoiding any contact between the tri-antibiotic paste and the dentinal walls. The inner surfaces of the coronal access are etched for 20 s with 35% phosphoric acid and rinsed. Bonding agent is applied to the etched surfaces and cured for 20 s. Then, a Root Canal Projector with a size 20 K-file inside the projector is placed into the prepared access to maintain patency. The space between the projector and the coronal dentine is sealed with flowable composite and light-cured for 30 s. The projector is then removed by engaging it with a Hedstrom file. If crown discoloration occurs, treatment by intracoronal bleaching with sodium perborate should be attempted. In addition, the use of white MTA instead of grey MTA should also be considered. The modified protocol described is an attempt to avoid the undesired crown discoloration. A safer and more reliable technique for antibiotic dressing is using a 20G needle with a backfill approach.\[[@ref19]\] This novel approach prevents the undesirable crown discoloration produced by the tri-antibiotic medication.

In non-vital teeth treatment was administered with evoking of an intracanal blood clot. The initiation of blood clot is thought to provide a fibrin scaffold with platelet-derived growth factors that promotes regeneration of tissue within the root canal system. Whereas, in partially vital teeth treatment was administered without an attempt to trigger bleeding and the formation of an intracanal blood clot. Claus I *et al*.\[[@ref24]\] and Ritter ALS\[[@ref22]\] have described histological findings of the regenerated tissues. Histological findings of the new tissues showed a well-vascularized, cell-rich connective tissue. Ritter ALS and Strobl H\[[@ref23]\] conducted studies to evaluate the efficacy of Laser Doppler Flowmetry (LDF) in diagnosing revascularization of avulsed permanent maxillary central incisors after replantation and splinting. The data indicate that an accurate LDF reading can be established at the 12-week follow-up appointment, which is much earlier than would be expected from standard sensitivity tests.\[[@ref21][@ref23]\]

This revascularization procedure induces root maturation. This can be a better alternative to conventional calcium hydroxide apexification. The crucial step for revascularization is disinfection of the necrotic root canal system. This can be achieved with combination of antibiotics.\[[@ref1][@ref2][@ref6]\] In addition, the remaining dental pulp stem cells in the apical papilla (SCAP)\[[@ref5]--[@ref7][@ref10]--[@ref11][@ref16]--[@ref18]\] play a vital role in successful revascularization. These stem cells in the apical papilla can survive pulp necrosis because of its abundant blood supply. There are case reports based on the concept that revascularization is possible in a partially necrotic tooth.\[[@ref7]--[@ref9]\] The stem cells in the apical papilla differentiate into secondary odontoblasts to deposit dentin and help in root maturation. Most case reports have followed the protocol of no canal instrumentation to preserve these vital stem cells.\[[@ref1]--[@ref8][@ref19]\]

The limitation of the revascularization procedure is that there is no human histological evaluation following the procedure.\[[@ref24][@ref28]\] Radiographical evaluation has been reported on human case series while histological evaluation has only been reported in animal studies.\[[@ref22]--[@ref24][@ref28]\] Both these evaluations of recent reports have shown evidence of successful revascularization. In addition, there are successful reports of revascularization in teeth after replantation.\[[@ref22][@ref30]\] In this case, the necrotic, but, uninfected pulp in an avulsed tooth acts as a scaffold permitting growth of tissue from the periapical tissue. Ingrowth of tissue occurs easily in teeth with open apex and short root length. However, calcification of the canal can occur which makes the tooth difficult to treat endodontically in future, if required.

In 1960s, Nygaard-Ostby and Hjortdal attempted revascularization. This was in a necrotic, infected tooth with apical periodontitis, but it was unsuccessful. This could be attributed to the limited number of instruments and materials available about 50 years back. With currently available technology, it could be possible to effectively disinfect an infected pulp space and apply the scientific tissue engineering principle to regenerate the tissue.

The case reports and case series clearly demonstrate that under certain circumstances, teeth with necrotic pulps and open apices are capable of regenerating tissues within the root canals that cause continued hard tissue deposition, root lengthening, closure of the apices, and responding to cold, EPT and/or LDF. There are animal histological evaluations of the new tissues which conform that the tissues are dentin or cementum, or bone \[[Table 2](#T2){ref-type="table"}\].\[[@ref21][@ref28]\] Since, these procedure results in restoration of some of the functional properties of involved teeth, it is appropriate to identify this technique as regeneration of pulp-dentin complex and restrict the use of the term revascularization. Based on the Evidence-Based Practice (EBP) Resources \[Yale University\], all case reports, case series score the evidence level of 4 and the animal studies score the evidence level of 5. Despite the low level of evidence, these reports that are actual observations in patients can be the basis for future studies at higher levels of evidence.

We are now at a stage in which engineering a complex tissue, such as the dental pulp, is no longer an unachievable dream\[[@ref31][@ref32]\] Rather, we see tissues that look and behave very much like a human dental pulp being engineered in laboratories throughout the world. Collectively, there has been a tremendous increase in our clinical tools (i.e., materials, instruments and medications). Moreover, recent case reports from multiple investigators support the feasibility of developing biologically based regenerative endodontic procedures designed to restore a functional pulp-dentin complex. In short, the question is no longer "can regenerative endodontic procedures be successful?" Instead, the important question facing us is "what are the issues that must be addressed to develop a safe, effective, and consistent method for regenerating a functional pulp-dentin complex in our patients?"

This review shows that there are promising clinical and radiographical results on human subjects and histological results on animal studies. Based on current trends, it can be concluded that the pulp-dentin complex has the potential to regenerate in necrotic, immature, permanent teeth. However, studies with higher levels of evidence are needed to confirm the findings.
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